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Abstract 
AIM: The purpose of this experiment was to determine whether or not Enterobacter 
aerogenes, Acinetobacter baumannii, and Klebsiella pneumoniae, which are three gram 
negative bacteria commonly found on the skin, utilize fatty acids in a manner that affects 
bacterial phenotype. Furthermore, an objective was to gain a deeper understanding of 
how the alteration of bacterial membranes, as a result of fatty acid uptake, affected the 
pathogenicity, membrane permeability, and resistance in gram negative bacteria.   
METHODS: The lipids were extracted using the method of Bligh and Dyer and analyzed 
using thin-layer chromatography (TLC). A series of tests were performed, including a 
hydrophobic compound uptake test, lactic acid stress test, and osmotic pressure stress 
test, before analyzing lipids with high performance liquid chromatography (HPLC).   
RESULTS: TLC of isolated phospholipids from E. aerogenes, K. pneumoniae, and A. 
baumannii revealed an altered phospholipid migrational pattern when micromolar 
concentrations of γ-linolenic acid were supplemented to the growth media.   When 18:3 
was added to A. baumannii, there was decreased uptake of hydrophobic compounds, 
decreased membrane permeability, and better survivability under osmotic pressure and 
lactic acid stress. Addition of linoleic acid (18:2) did not affect the permeability as much 
as addition of γ-linolenic (18:3) or dihomo-γ-linolenic acid (20:3). 
CONCLUSION:  A. baumannii alters its membrane according to exogenous fatty acid 
unsaturation and acyl chain length. Exposure of A. baumannii to three fatty acids resulted 
in an ability for the bacteria to uptake hydrophobic compounds.  Since A. baumannii is a 
multiple drug resistant nosocomial pathogen, it is significant that its exposure to lotion-
containing (and host-derived) fatty acids and salt can make the bacteria more refractive to 
hydrophobic compounds, as well as impact stress survival in vitro. 
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Introduction 
 Human skin has millions of microorganisms residing in the superficial layers of 
the stratum corneum and in the upper parts of the hair follicles.  Some of these 
microorganisms are harmful and can cause infection, while some are mutualistic and can 
serve as protective barriers against infection.
1
  More specifically, on human skin there is 
an abundance of gram positive bacteria, such as Staphylococcus epidermidis, 
Staphylococcus aureus, Micrococcus luteus, Corynebacterium, and Mycobacteria, and 
also several genera of gram negative bacteria, such as Enterobacter, Klebsiella, 
Escherichia, Proteus, and Acinetobacter.
2
   Gram positive bacteria have a single 
membrane with a thick peptidoglycan exterior, while gram negative bacteria have two 
membranes, an inner and outer membrane enclosing a periplasmic space containing a few 
layers of peptidoglycan.   
 Whereas gram positive bacteria have been shown to be sensitive to exogenous 
fatty acids, several gram negative bacteria have been shown to possess machinery that 
specializes in the uptake and utilization of fatty acids.
3
   The fatty acid uptake capabilities 
of bacteria has been partially described in studies with E. coli.
4
   Fatty acids are 
recognized and imported by the outer-membrane transporter FadL.  Unknown 
mechanisms allow passage of the fatty acid through the periplasm and inner membrane.  
At the cytosolic face of the inner membrane, FadD activates the fatty acid by attaching to 
Coenzyme A producing acyl-CoA.  After this step the acyl-CoA is either sent to the beta-
oxidation pathway for a source of energy, i.e. a carbon source, or it is directed back to the 
membrane where membrane enzymes called acyltransferases incorporate the new fatty 
acid into membrane phospholipids.
5
  A recent study indicated that Vibrio species are able 
to modify their existing phospholipid profile with fatty acids acquired from the 
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environment.
6
  Essentially, Vibrio species were able to take up fatty acids for utilization 
as a potential carbon source and/or incorporation into their own membrane for currently 
unidentified consequences. This finding opens the door for research that determines 
which bacteria are capable and what the adaptation means with regard to microbial 
resistance and survival.   
 Acinetobacter baumannii, Enterobacter aerogenes, and Klebsiella pneumoniae, 
which are three gram negative bacteria commonly found on the skin, will be examined in 
this study. Klebsiella pneumoniae is a non-motile, encapsulated, lactose-fermenting, 
facultative anaerobic, rod-shaped opportunistic pathogen that can cause pneumonia, 
infections in the urinary and lower biliary tract, and in surgical wound sites.
7
 
Enterobacter aerogenes is a rod-shaped, biochemically active bacteria that can be 
acquired from a hospital environment, is rapidly developing antibiotic resistance, and is 
considered an opportunistic pathogen.  Furthermore, E. aerogenes infection generally 
occurs in the respiratory, urinary, and gastrointestinal tracts and less frequently in skin 
and surgical wounds.
8
  
 Similarly, Acinetobacter baumannii is an opportunistic pathogen that is a major 
contributor to hospital-acquired infections, due to its capability to survive dry conditions 
and resistance to disinfectants and antimicrobial agents.
9
 A. baumannii can cause 
epidemics through multidrug-resistant strains and can cause a wide assortment of 
infections, including pneumonia, urinary tract, blood stream, and skin infections.   When 
A. baumannii occurs in skin and soft tissue infection (SSTI), it generally occurs with 
underlying conditions, such as trauma or cirrhosis, and it can be accompanied by 
bacteremia. The presence of multiple drug resistance and co-pathogens complicates 
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treatment, and a substantial amount A. baumannii infections lead to mortality.
10
  Bacterial 
pathogenicity is closely associated with its ability to utilize specific iron acquisition 
strategies, which is key to the pathogen’s survival and growth in a human host, a low-iron 
environment.
11
   
 The intent of this study is to determine whether or not Enterobacter aerogenes, 
Acinetobacter baumannii, and Klebsiella pneumonia utilize fatty acids in a manner that 
affects bacterial phenotype.   Skin is a normally hostile environment for microbes, and 
the habitual usage or over usage of cosmetic products may have ramifications for normal 
skin flora.  The fatty acids we will use come from fatty acids in top rated, daily-
moisturizing lotions, i.e. olive oil, canola oil, sunflower oil, safflower oil, and coconut 
oil.  Fatty acids are named according to the number of carbons present in the chain (first 
number)  and the degree of saturation (second number); for example, the fatty acid oleic 
acid (18:1) has 18 carbons and 3 double bonds.  Accordingly, we hypothesize that 
alteration of bacterial membranes as a result of fatty acid uptake will affect the 
pathogenicity, membrane permeability, and resistance of the gram negative bacteria.  To 
best utilize resources, time, and potential impact, A. baumannii became the focal point for 
the remainder of the study after testing various salt concentrations and pH levels.   
 In the 1950’s and 1960’s, many published papers reported the phospholipid 
makeup and fatty acid content of several bacteria.  However, this research project has an 
original approach because almost all of those studies were performed under optimal 
growth conditions, which did not mimic the physiologically and environmentally-relevant 
stresses that bacteria face.  Furthermore, although we do know that bacteria can adjust 
their fatty acid composition in response to environmental changes, a process called 
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membrane lipid homeostasis, there is still much that we do not know about how bacteria 
use fatty acids.  Several missing links remain, such as how the fatty acids traverse the 
periplasm and inner membrane or how lipid modifications affect bacterial survival in 
specific environmental or host niches.  
 Results obtained from these experiments will help identify whether these skin 
flora are able to utilize cosmetic-containing fatty acids in a manner that could be 
detrimental to the host.  This study will expand the base of what is currently known about 
how bacteria utilize environmental lipid sources.  Future studies, if applicable, will 
address the observed phospholipid changes as they pertain to resistance to innate immune 
effectors, such as lysozyme and cationic antimicrobial peptides. 
 Theoretically, if one particular oil is discovered to make the gram negative 
bacteria strains stronger or more resistant to environmental stress, a cost-benefit analysis 
could be performed to predict the cost of replacing said oil with different oil that does not 
facilitate bacterial pathogenicity.  However, future studies may need to occur before an 
effective cost analysis can be generated.  The lotion industry is a multi-billion dollar 
industry, and this cost may prove to have substantial value if the benefit of replacing the 
oil is greater than the cost to humans, i.e. the emotional, physical, and monetary cost from 
a bacterial infection, especially from a hospital-acquired infection.  
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Methodology 
MATERIALS 
The dominant fatty acids found in olive oil, coconut oil, safflower oil, canola oil, 
and sunflower oil are 18:1, 12:0/14:0/16:0, 18:2, 18:3, and 18:2, respectively. The fatty 
acids 12:0, 14:0, 16:0, 18:1, and 18:2 were purchased commercially from Sigma Aldrich 
and 18:3 and 20:3 were purchased from Cayman Chemical.  Enterobacter aerogenes 
(ATCC 13048), Acinetobacter baumannii (ATCC 17978), and Klebsiella pneumoniae 
(ATCC 13883) were purchased from the American Type Culture Collection.  Luria broth 
(LB) served as a nutritionally rich media, while G-56 (0.2% glucose), consisting 0.45 
mM HEPES (pH 5.5 or 7), 0.3 mM KH2PO4, 10 mM KCl, 10 mM (NH4)2SO4, 0.2% 
glucose, 0.03 mM FeSO4, and 0.075mM thiamine, served as a minimal media that was 
altered to mimic the skin environment, (i.e. a pH of 5.5, 150 mM of NaCl, and 30  C 
growing conditions).  G-56 was prepared the day of usage and filter sterilized into a 
sterile glass bottle.    
PREPARATION OF BACTERIAL CULTURES 
 Single colonies were selected and incubated overnight in a shaker incubator in 5 
mL LB broth for each gram negative bacteria at 37 or  0  C.  The next day, the overnight 
culture was added to 7 mL of G-56 or LB with a starting optical density of 0.1.  Two test 
tubes were used per pH/saline condition to allow for a 14 mL culture, which provided 
enough lipid species for visualization through thin-layer chromatography (TLC).  When 
added to the media, the individual fatty acids were representative of the nutrient oil 
content (0.5%), and a 0.0003M concentration was added to each 7 mL culture.  To mimic 
the skin environment, 150 mM NaCl was added to each 7 mL culture; however, to test 
the effects of NaCl on growth, 150 mM , 300 mM, or 600 mM were added to each 7 mL 
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culture.  Several types of controls were used throughout the experiments. Control 1 
included the bacteria in the minimal media, while Control 2 included the bacteria plus 
150 mM NaCl in G-56 pH 5.5, in order to mimic the skin environment.  Lastly, in 
order to ensure that the ethanol present in the re-suspended fatty acids did not affect 
bacterial growth, Control 3 included all components in Control 2 plus the amount of 
ethanol equivalent to the maximum amount of re-suspended fatty acid added to the 
cultures.  
LIPID EXTRACTION AND THIN LAYER CHROMATOGRAPHY 
 Cultures were grown at 30 or 37   C, depending on the experiment, until reaching 
an OD600nm of ~0.7-0.8. Cells were then harvested in a 15 mL glass vial with Teflon lined 
caps using a fixed angle clinical centrifuge for 10 minutes for E. aerogenes and A. 
baumannii, and for 15 minutes with K. pneumoniae. Supernatant was removed and the 
remaining pellet was washed in 5mL of 1X PBS and centrifuged for 10 minutes.  The 
buffer was then poured off, and the pellet was resuspended in 5 mL of single phase 
Bligh/Dyer mixture, which consists of chloroform/methanol/water (1:2:0.8).  The re-
suspension was vortexed, incubated at room temperature for twenty minutes, and then 
centrifuged for 10 minutes.  At this point, the supernatant was extracted and transferred 
into a fresh glass tube and the pellet was discarded. The single phase was made into a 
two-phase Bligh/Dyer mixture by adding 1.3 mL chloroform and 1.3 mL water.  This 
mixture was vortexed and centrifuged for 10 minutes.  The lower phase was then 
extracted into a new, smaller glass vial, and 2.6 mL of chloroform was added to the 
remaining upper phase.  This mixture was vortexed and centrifuged, and the bottom 
phase was extracted and pooled with the other extraction. The pooled extractions were 
10 
 
then dried under a stream of nitrogen and the lipids were stored at -20   C until ready for 
TLC.
12, 13
   
 Lipids were analyzed by TLC using a solvent system consisting of 
chloroform:methanol:acetic acid in the ratio 65:25:10.
13
   Lipid profiles generated by 
TLC were visualized using 10% sulfuric acid in 100% ethanol [detection following heat 
charring] and 85% phosphoric acid [phospholipid detection after observing under UV].  
TLC results had better clarity under 10% sulfuric acid spray and heat charring, and it was 
used for the majority of the visualizations.   
BACTERIAL SURVIVAL DURING SALT AND LACTIC ACID STRESS 
 To test whether phospholipid modification altered the membrane properties of the 
bacteria, the untreated and treated bacterial cultures were subject to several 
environmental stresses that could signify membrane lipid adaptations.  The growth and 
survival of cultures were monitored during acid stress (lactic acid) and osmotic pressure 
stress (NaCl).  Microtiter plates were set up in triplicate wells with various concentrations 
of NaCl (0.00 M, 0.78 M, 0.156 M, 0.3125 M, 0.625 M, 1.25 M, 2.5 M, and 5 M) and 
various concentrations of lactic acid (0 mM, 5 mM, 10 mM, 20 mM, 40 mM, 80 mM, 
160 mM, and 320 mM). Plates were incubated in a shaking incubator for 24 hours, and 
optical densities were taken at 12 and 24 hours using a Biotek Synergy Microplate reader 
with Gensys software.  
CRYSTAL VIOLET UPTAKE 
 Measuring the uptake of the hydrophobic dye crystal violet served to indicate 
changes in membrane permeability. For this test, the following 7mL cultures of A. 
baumannii in G-56 (pH5.5) at  0  C were grown: i) no added salt, ii) supplemented with 
150 mM NaCl, iii) 150 mM + 300μM Oleic acid (18:1), iv) 150 mM + 300 μM linoleic 
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acid (18:2), v) 150 mM + 300 μM  γ-linolenic acid (18:3), vi) 150 mM +  300 μM  
dihomo-gamma-linolenic acid (20:3), vii) 150 mM + 300 μM arachidonic acid (20:4).  
The cells were carefully monitored and grown to an OD600nm of ~ 0.7, poured into sterile 
tubes, and centrifuged for 10 minutes. Next, the cells were washed in 5 mL of PBS and 
centrifuged for 10 minutes. The supernatant was then poured off and the cells were gently 
re-suspended in 7 mL of 1X PBS.  Next, 7 microliters of 5 mg/ mL crystal violet solution 
was added to each tube of PBS for a concentration of 5μg /mL.  At this point, the tubes 
were placed in the shaking incubator at  0  C and an OD590nm was taken every 5 minutes 
until 30 minutes elapsed. To take an OD, 900 microliters was extracted from each tube 
and was pelleted in the microcentrifuge for 60 seconds at 13,000g.  The supernatant was 
then drawn off and the OD590nm was taken.  
HIGH PERFORMANCE LIQUID CHROMATOGRAPHY 
 A. baumannii was grown in 20 mL cultures at  0  C and     C with 150mM of 
NaCl and various fatty acids.  For the experiments, cultures were grown to an OD600nm of 
~0.7-0.9 prior to Bligh-Dyer extraction; however a wash step was added to increase the 
purity of extracted lipids.  The pooled lower phases were combined with MeOH and 
diH2O and centrifuged for 10 minutes.  The lower phase was extracted and dried under a 
stream of nitrogen.  Phospholipids were suspended in a 50/50 solvent solution of 
acetonitrile and methanol and injected into an Agilent 1220 Infinity HPLC with a reverse 
phase alkyl amide column and an acetonitrile/methanol mobile phase.  The injection 
volume was 20 μL with a flow rate of 1 mL/min at ~23ᵒC. Detection was by absorption at 
203 nm.   
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Results 
Media type and temperature affect phospholipid profiles of A. baumannii and E. 
aerogenes  
 
Initial experiments were designed to assess membrane phospholipid responses to various 
changes in the environment.  Both A. baumannii and E. aerogenes displayed variation in 
their major phospholipids when grown in minimal media (G-56) versus nutrient rich (LB) 
media with varying temperature at a pH 7.  As indicated by a higher migration pattern of 
the phospholipid species, a decrease in temperature for A. baumannii makes the lipid 
species phosphatidylethanolamine (PE) and phosphatidylglycerol (PG) more 
hydrophobic.  Whereas A. baumannii exhibits a slight shift down when grown in LB 
versus G-56, E. aerogenes phospholipids exhibited the opposite effect, with more 
pronounced upward shifts in the rich media.  The typical structures of the predominant 
phospholipids in most gram negative bacteria are shown in Figure 2. 
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                   CL  
  
Figure 1: Phospholipid profiles of A. 
baumannii and E. aerogenes with 
variation in temperature and media.  
Lipids were extracted with Bligh and 
Dyer and TLC was performed. Minimal 
(G-56) vs. Nutrient rich (LB) media with 
A. baumannii and E. aerogenes.  
Phosphatidylethanolamine (PE) is located 
below phosphatidylglycerol (PG), which 
is located below cardiolipin (CL). 
PG 
PE 
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Replicate experiments showing the effect of temperature and pH in minimal media 
on the phospholipid profiles of A. baumannii, E. aerogenes, and K. pneumoniae   
 
Numerous fluctuations were observed in A. baumannii, E. aerogenes, and K. pneumoniae 
when grown in minimal media at different temperatures (30 and 37ᵒC) and pH (5.5 and 
7).  Figures 3A and 3B show that A. baumannii’s lipids were more hydrophobic and had a 
higher migration pattern of phospholipid species at a higher pH.  Furthermore, E. 
aerogenes’ phospholipid species were less hydrophobic and had a lower migration 
pattern with increasing temperature at both pH’s. As was seen with A. baumannii, E. 
aerogenes had a higher migration of phospholipid species at a higher pH.  K. 
pneumoniae’s lipids show a lower migration of phospholipid species with an increase in 
temperature at a pH 5.5.  Figure 3B represents a replicate experiment and confirms the 
results in Figure 3A.   Lipids were extracted by the method of Bligh and Dyer and TLC 
was performed. 
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Figure 2: Structures of the major phospholipds found in most gram 
negative bacteria; they include phosphatidylethanolamine (PE), 
phosphatidylglycerol (PG), and cardiolipin (CL). 
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pneumoniae  were not identified in this study. 
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Increasing salinity affects phospholipid species of A. baumannii, but not of E. 
aerogenes and K. pneumoniae 
 
Having established patterns for temperature and pH, the effects of increasing salinity on 
the phospholipids of A. baumannii, E. aerogenes, and K. pneumoniae were examined.  
Since the main research goal was to examine bacteria that colonized the skin, the most 
physiological relevant conditions (minimal media, pH 5.5, 30 
ᵒ
C) were used for the 
remainder of experiments. Figure 4 shows that A. baumannii had definite phospholipid 
responses with varying concentration of NaCl. There was very little change in the 
phospholipid migration of K. pneumoniae and E. aerogenes. Each bacteria was also 
grown without casamino acids, but A. baumannii did not grow under this condition. 
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Figure 4: The effect of increasing salinity on the phospholipid species of E. aerogenes, A. 
baumannii, and K. pneumoniae.  The bacteria were grown in G-56 at pH 5 5 at  0  C.  
Phosphatidylethanolamine (PE) is located below phosphatidylglycerol (PG), which is 
located below cardiolipin (CL).   
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  PE 
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The effect of lotion oils and lotion fatty acids on growth in minimal media (pH 5.5) 
at 30
ᵒ
C 
In order to test whether lotion oils could affect bacterial phospholipids, raw oils (70mM, 
1% v/v) were added to the growth medium, cultures were incubated and phospholipids 
extracted and separated by TLC.  As expected, there was limited bacterial access to fatty 
acids, as evidenced by the oil being immiscible with the growth medium during growth, 
and the presence o  ‘oil drops’ at the solvent front following TLC (data not shown).  
Therefore, several fatty acids were chosen based on their predominant presence in 
safflower, canola, olive, sunflower, and coconut oil.  
G-56 at the skin’s physiological temperature and pH,   0  C and 5.5, respectively), was 
used as the condition for growth of all three pathogenic bacteria with the fatty acids 
found in canola (18:3), safflower (18:2), sunflower (18:2), olive (18:1), and coconut oil 
(12:0/16:0).  Growth was monitored at 30 minute intervals until an OD600nm of ~0.80 was 
reached. Addition of 12:0 and 18:3 to the media significantly slowed the growth of A. 
baumannii and E. aerogenes (Fig. 5A and B). The fatty acids had virtually no effect on 
the growth of K. pneumoniae (Fig. 5C). 
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Figure 5: Growth patterns of A) A. baumannii, B) E. aerogenes, and C) K. 
pneumoniae in  -56 at  0  C and pH 5.5 supplemented with various fatty acids.  
Optical Density (600nm) was taken at 30 minute intervals. The ethanol control ran 
consistently with the bacteria control, which did not have fatty acid.  
A 
B 
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The effects of lotion fatty acids on the phospholipid profiles of A. baumannii, E. 
aerogenes, and K. pneumoniae 
 
Many gram negative bacteria have the ability to scavenge fatty acids and incorporate 
them into their own phospholipids.  To examine whether this is occurring in A. 
baumannii, K. pneumoniae, and E. aerogenes, phospholipids were extracted following 
growth in the presence of lotion fatty acids and subjected to TLC.  Several slight 
migrational shifts were observed for each bacteria.  For example, E. aerogenes and K. 
pneumoniae’s phospholipids appear to shi t down when grown with 16 0 but shi t up 
when grown with 18:3.  Uptake and incorporation of these fatty acids by the bacteria 
would support these observations.  The results from the TLC plate shown in Figure 6 
indicate that 18:3 is being taken up, given that there is a higher migration of phospholipid 
species in both bacteria, when compared to the control.  Furthermore, a higher migration 
of phospholipid species is exhibited in A. baumannii with 18:3, as seen in Figure 7. 
21 
 
Figure 6: Micromolar concentrations of fatty acids in G-56 at pH 5 5 at  0  C with E. aerogenes 
and K. pneumoniae.  Lipids were extracted with Bligh and Dyer and TLC was performed.  The 
accumulations at the top of the plate are fatty acids that were not taken up by the bacterium as a 
carbon source or incorporated into the membrane. 
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Figure 7: Micromolar concentrations of fatty acids in G-56 at 
pH 5 5 at  0  C with A. baumannii. Lipids were extracted 
with Bligh and Dyer and TLC was performed.  The 
accumulations at the top of the plate are fatty acids that were 
not taken up by the bacterium as a carbon source or 
incorporated into the membrane. 
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Phospholipid profiles and growth patterns of A. baumannii cultured with various 
fatty acids in media mimicking physiological skin conditions.   
 
Since A. baumannii displayed several phospholipid alterations and responded to 
increased salinity, it became the focal point for the remainder of the study. G-56 at the 
skin’s physiological temperature, pH, and salinity( 0  C, 5.5, and 150 mM respectively), 
served as growth media supplemented with representative fatty acids found in canola 
(18:3), safflower (18:2), sunflower (18:2), olive (18:1), and coconut oil (12:0/14:0/16:0).  
Also included were dihomo-γ -linolenic acid (20:3), arachidonic acid (20:4), and 
docosahexaenoic acid (22:6), fatty acids that are present in human tissues.  Arachidonic 
acid, dihomo-γ-linolenic acid, and docosahexaenoic acid were tested to explore the 
effects of a longer acyl chain, as well as potential utilization of human derived fatty acids. 
A. baumannii grown with 18:3 and 20:3 exhibited a higher shift in phospholipid 
migration when compared to the control, while growth with 16:0 resulted in slower 
migration.  
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Figure 8: Phospholipid profiles o    baumannii grown in minimal media   -56  
at  0  C and pH 5.5 with 150 mM of NaCl and supplemented with various fatty 
acids.  Lipids were extracted with Bligh and Dyer and TLC was performed. The 
accumulations at the top of the plate are fatty acids that were not taken up by the 
bacterium. 
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Growth of A. baumannii with various fatty acids was monitored in 40 minute intervals in 
G-56 at the skin’s physiological temperature and pH,   0  C and 5.5, respectively) with 
150 mM NaCl.  The following fatty acids were tested:  18:1, 18:2, 18:3, 12:0, 14:0, 16:0, 
20:3, 20:4, and 22:6.  Longer acyl chains and increasing unsaturation depressed growth. 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Growth patterns of A. baumannii cultured with various fatty acids in minimal media 
  -56  at  0  C with 150 mM of NaCl and a pH of 5.5.   Optical Density (600nm) was taken at 
40 minute intervals. 
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The effect of fatty acids on A. baumannii’s hydrophobic compound uptake 
 
Because we saw variations in the phospholipid profile in A. baumannii supplemented 
with fatty acids, which could indicate changes in membrane permeability, a hydrophobic 
uptake test was performed. The results of a hydrophobic uptake test with A. baumannii in 
minimal media with 150mM NaCl and pH 5.5 grown at  0  C are shown in Figure 10.  
The control without salt could uptake hydrophobic compounds without any issue, while 
adding fatty acid brought the percentage of uptake down.  A. baumannii with18:2 
deviated the least from the salt control.  Beginning at 15 minutes post-exposure, between 
A. baumannii with 18:2 and 18:1, there is ~10% difference in hydrophobic uptake.  
Beginning at 20 minutes post-exposure, there is ~20% difference between A. baumannii 
grown with 18:3 and 20:3 from the control.  Conversely, when A. baumannii is exposed 
to salt there is a 3-5% decrease in uptake of hydrophobic compounds.  These results 
suggest fluctuations in membrane permeability depending upon fatty acids available in 
the medium. 
 
 
Figure 10: Crystal violet uptake test over a period of 25 minutes are shown in Figure 14.  
Optical densities were taken at 590nm. A. baumannii was grown in minimal media with 150 
mM NaCl and pH 5 5 at  0  C with various fatty acids. 
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The effect of lotion fatty acids on A. baumannii’s ability to survive salt and lactic 
acid stress 
 
A. baumannii was grown with individual fatty acids in minimal media (G-56) at  0  C to 
an OD600nmof 0.83, before being resuspended in G-56 and inoculated (starting OD600nm of 
0.1) into microtiter plates with increasing concentrations of NaCl.  Under this osmotic 
pressure, A. baumannii grown with 18:2, 18:3, and 20:3 displayed enhanced short-term 
and long-term survival when subjected to salinity up to 0.3125 M, as seen in Figures 11A 
and 11B.  18:3 consistently provided more protection than 18:2 at these salinities.  
Interestingly, after 24 hours A. baumannii adapted to high salt concentrations (1.25 M 
and 2.5 M) in the absence of fatty acids.  
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Figure 11: Growth of A. baumannii under osmotic stress in minimal media (pH 
5.5), after A) 12 hours and B) 24 hours of shake-incubation at  0  C.  On the x-
axis, 1= 0 M NaCl, 2 = 0.078 M NaCl, 3 = 0.156 M NaCl, 4= 0.3125 M NaCl, 5 
= 0.625 M NaCl, 6 = 1.25 M NaCl, 7 = 2.5 M NaCl, 8 = 5 M NaCl.  
A 
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To examine whether growth with fatty acids affects the response of A. baumannii to acid 
stress, cultures were grown in the presence and absence of fatty acids prior to exposure to 
increasing concentrations of lactic acid.  Twelve hour exposure indicated decreased 
growth of A. baumannii when fatty acids were present, at least in the lower 
concentrations of lactic acid. Incubation with 20:3 allowed for better growth than the 
control at 20 mM and 40 mM lactic acid.   After 24 hours of exposure there is no effect 
on growth of A. baumannii, regardless of the fatty acid.  
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Figure 12: Growth of A. baumannii under lactic acid stress in minimal media 
 pH 5 5 , a ter  1  hours and       hours o  shake incubation at  0  C.  On 
the x-axis, 1= 0 mM lactic acid, 2 = 5 mM lactic acid, 3 = 10 mM lactic acid, 
4= 20 mM lactic acid, 5 = 40 mM lactic acid, 6 = 80 mM lactic acid, 7 = 160 
mM lactic acid, 8 = 320 mM lactic acid.  
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Chromatograms of extracted lipids indicate significant changes when A. baumannii 
is grown with fatty acids 
 
To determine if new phospholipid species are present in A. baumannii following growth 
in fatty acids, extracted phospholipids were examined by HPLC.   For this experiment, 
cultures of A. baumannii were grown with or without fatty acids at  0  C to an OD600nm of 
~0.9 with150mM NaCl, at pH 5.5.  Lipids were extracted with Bligh and Dyer and 
resuspended in a 50/50 solution of acetonitrile and methanol.  See methodology for 
HPLC protocol.  Retention times are based on the standards in the 4
th
 edition of Lipid 
Analysis: Isolation, Separation, Identification and Lipidomic Analysis.  Considering 
which fatty
 
acids we added to the cultures, our results could be interpreted based on these 
standards. Figures 13A-C show the HPLC profiles of A. baumannii with 150 mM NaCl, 
with 18:2, and with 18:3, respectively. Incorporation of 18:2 and 18:3 into phospholipid 
species is expected to result in a lower retention time.  The HPLC chromatogram 
differences indicate that A. baumannii has indeed incorporated the exogenous fatty acids 
(18:2 and 18:3) into its phospholipid species.  For instance, the single peak +NaCl at 
7.639 minutes likely represents a PE species, and when fatty acid is added (Fig 13), the 
newly observed peaks that emerge (7.173min.  and 7.308 min., respectively) have lower 
retention times, which is likely to be indicative of incorporation of 18:2 or 18:3, instead 
of 18:1.  Furthermore, based on the literature, it is likely that PG is the species around a 
retention time of 4.1 minutes in +NaCl.
14
  Similar to the changes in retention time with 
the addition of fatty acids for PE, the retention time for A. baumannii +18:2 is 3.701 
minutes, which represents a new PG species. Additionally, the retention time for A. 
baumannii +18:3 is 3.731 minutes and 3.446 minutes, which are new PG species. 
 
32 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
A
b
so
r
b
a
n
c
e
 (
m
A
U
) 
Figure 13: HPLC chromatograms for A. baumannii A) +NaCl, B) 
+NaCl+18:2, and C) +NaCl +18:3.  PG had a general retention time of ~4.1 
minutes and PE had a general retention time of ~7 minutes. 
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Conclusion 
The results of our experiments point to 18:3 being the less desirable fatty acid to 
have  in lotion, since there is definite incorporation of 18:3, as seen in a higher migration 
of phospholipid species (Fig. 6 and 7), the addition of  peaks around major phospholipid 
species in the HPLC chromatogram of A. baumannii+NaCl+18:3 (Fig 13), a  decreased 
uptake of hydrophobic compounds (Fig 10), and a better survivability in higher salt  (Fig 
11) and lactic acid concentrations (Fig 12).  Moreover, 18:2 does not impact permeability 
as much as 18:3 and 20:3, as indicated in Figure 10.  The data also indicates that A. 
baumannii’s membrane is the most altered with increasing unsaturation and longer acyl 
chain length.  It is important to note that for the salinity and acid stress experiments the 
bacteria was pre-treated with fatty acid.  Thus, it would be interesting to test how 
continued availability of fatty acids affects the stress response. To determine the 
introduced fatty acyl contributors of each phospholipid after incorporation into the 
membrane, the fractions from HPLC will need to be collected and mass spectrometry on 
the individual components will need to be performed.  The addition of new 
chromatographic peaks indicates a new phospholipid species, and the HPLC analysis also 
reveals quantitative decreases in major species when A. baumannii is grown with fatty 
acids (data not shown).   
 Although the membrane of A. baumannii under the conditions of the skin (pH 5.5, 
 0  C, 150mM NaCl) served as an effective permeability barrier, growth in the presence 
of several fatty acids resulted in a decreased ability to uptake hydrophobic compounds 
(Fig 10). This response indicates a more impermeable membrane which, in a clinical 
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setting, impacts susceptibility to treatment, since many antibiotics are hydrophobic 
compounds. 
Discussion 
 The purpose of this study was to determine whether or not Enterobacter 
aerogenes, Acinetobacter baumannii, and Klebsiella pneumoniae, which are three gram 
negative bacteria commonly found on the skin, utilize fatty acids in a manner that affects 
bacterial phenotype. Furthermore, an objective was to gain a deeper understanding of 
how the alteration of bacterial membranes, as a result of fatty acid uptake, affected the 
pathogenicity, membrane permeability, and resistance of gram negative bacteria.    A. 
baumannii became the focal point of my experiments after evaluating the significance, 
relevance, and impact of my preliminary findings.  
 My initial experiments examined changes in the growth environment and 
numerous fluctuations were observed in A. baumannii, E. aerogenes, and K. pneumoniae 
when grown in minimal media at different temperatures (30 and     C) and pH (5.5 and 
7).  To begin with, E. aerogenes’ phospholipid species were less hydrophobic and had a 
lower migration pattern with increasing temperature at both pH’s, and K. pneumoniae’s 
lipids demonstrated a lower migration of phospholipid species with an increase in 
temperature at pH  5.5 (Fig 3).    
 Since the main research goal was to examine bacteria that colonized the skin, the 
most physiological relevant conditions (minimal media, pH 5.5,  0  C) were used for the 
remainder of experiments.  Given that rich media contains the fatty acids 18:1, 18:0, and 
16:1, and minimal media (G-56) contains no fatty acids, the results from bacteria grown 
in minimal media show de novo lipid species made by the bacteria.   After adding the 
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fatty acids found in canola (18:3), safflower (18:2), sunflower (18:2), olive (18:1), and 
coconut oil (12:0/16:0) to G-56 at the skin’s physiological temperature and pH,   0  C 
and 5.5, respectively), we found that the addition of 12:0 and 18:3 to the media 
significantly slowed the growth of A. baumannii and E. aerogenes (Fig 5).  Visualization 
of TLC data from A. baumannii, E. aerogenes, and K. pneumoniae with fatty acids 
revealed  that E. aerogenes and K. pneumoniae’s phospholipids appear to shi t down 
when grown with 16:0 but shift up when grown with 18:3 (Fig. 6).  Uptake and 
incorporation of these fatty acids by the bacteria would support these observations.  The 
results from the TLC plate shown in Figure 6 indicate that 18:3 is being taken up, given 
that there is a higher migration of phospholipid species in both bacteria, when compared 
to the control.  Given these results, future studies need to be performed with E. aerogenes 
and K. pneumoniae in order to better understand the possible bacterial advantages with 
the uptake of fatty acids, whether it be increased resistance or increased tolerance to a 
more acidic environment.  
 After narrowing our scope to one bacteria, we found that A. baumannii primarily 
contains the fatty acids 18:1, 16:0, and 16:1.  Although it is unknown what the fatty acid 
content is for our specific strain, other Acinetobacter species, including baumannii, have 
exhibited similar profiles with the predominance of 18:1 (~42%), 16:0 (~20%), and 16:1 
(14%).
 15
  In addition to these components, encoded within A. baumannii’s genome is the 
pathway synthesizing α-linolenic acid (18:3), although it is unknown if this fatty acid is 
incorporated into the phospholipid species.
16
  It is presumed that bacteria try to maintain 
a constant fatty acid composition by regulating enzymes that adjust to changes in growth 
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conditions, such as pH, NaCl concentration, or temperature; however, this homeostasis is 
not always maintained under varying stresses.
17
    
 Our findings indicate that adding longer chain polyunsaturated fatty acids, such as 
18:3 and 20:3, have potential to alter A. baumannii’s membrane, which may increase 
survival on the skin and make it more refractory to hydrophobic compounds.  As 
precedence for this, Vibrio species have been shown to uptake exogenous 
polyunsaturated fatty acids and incorporate them into their phospholipids.
18,19
  
Furthermore, a recent study on Vibro cholerae found that lipoproteins on the surface of V. 
cholerae’s membrane can enzymatically liberate fatty acids from the host 
lysophosphatidylcholines, and that these freed fatty acids serve as carbon sources or as 
structural components of the bacterial membrane.
18
  There have been studies that show 
that fatty acids in very low concentrations can influence the growth of different 
bacterium, either though inhibition or stimulation.  There are many factors that affect the 
intensity of this effect.
20
 
 
Cost Analysis 
Because there is so much still unknown about bacterial lipid utilization, 
attempting to evaluate the cost-benefit of substituting one oil for another is not possible at 
this stage.  Although it is known that 1.0 L of safflower oil, (containing 18:2), costs 
$138.50 and 1.0 L of canola oil, (containing 18:3), costs $15.40, and that these two oils 
are found in numerous daily moisturizing lotions, we cannot recommend an overall 
strategy for substituting either of the oils.
24,25
  Further studies need to be conducted to 
address some of these unknown questions before a cost-benefit analysis can be outlined 
more thoroughly.  In the meantime, anecdotal evidence suggests that when oils are 
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replaced in certain lotions, resulting in a safer product with a higher cost, a meaningful 
segment of consumers will pay a higher price for that product.  Our research will need to 
be carried on before a conclusive analysis about oil replacement in everyday moisturizing 
lotions can be performed. 
Future Works 
The scope of this research is not limited to only A. baumannii.  A recent study on 
Pseudomonas found that bacterial genes can adapt and regulate cellular functions based 
on the phospholipids derived from host cells, and this type of relationship may in fact 
facilitate opportunistic infections, like A. baumannii.
21
   Additionally, A. baumannii has 
similar mechanisms of antimicrobial resistance to Pseudomonas, however it has not been 
studied as comprehensively.  In fact, A. baumannii resistance has increased substantially 
in the last decade and continues to rise, with little hindering its evolution. At this point, 
some strains are only susceptible to polymyxins, which are used rarely due to reports of 
toxicity, and some strains show resistance against all known antimicrobial agents, which 
makes treatment nearly impossible.  Interestingly, polymyxins can be found in topical 
creams with bacitracin, and a future study should look at the effects of fatty acid 
utilization and resistance to polymyxins.  For example, studies could examine Lipid A 
and the potential for A. baumannii to modify it with exogenous fatty acids, which could 
ultimately increase resistance.  Resistance to antimicrobial peptides, such as polymyxins, 
has been linked to modifications of Lipid A in gram negative bacteria.
22
  
A. baumannii’s relati ely impermeable outer membrane makes it harder for 
antibiotics and antimicrobials to penetrate; however, my experiments have shown that 
fatty acids are being incorporated and utilized by the bacterium, simply strengthening the 
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barrier.  Bioinformatic analysis of A.baumannii’s genome using the UniProt database 
reveals that there are multiple homologues of fatty acid handling machinery in A. 
baumannii’s genome.  The sequenced strain used in this study (ATCC 17978) possesses 3 
FadL-like proteins, 3 FadD-like proteins, and several acyltransferases, the sum of which 
could explain the broadened capability of A. baumannii to scavenge and utilize various 
fatty acids.
23
  My results with A. baumannii have bolstered the notion that bacterial lipid 
utilization may represent an important mechanism for survival and future studies should 
consider this membrane remodeling strategy in other organisms.    
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